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A B S T R A C T
Electrically conducting polymers, such as polypyrrole, are conveniently prepared by an 
electropolymerisation procedure in which the monomer is oxidised, polymerised and 
simultaneously deposited on the electrode surface. The polymer coating can be removed 
from  the electrode and used in many different applications. The mechanical properties o f 
electrochemically prepared polypyrrole is known to be dependent on the synthesis 
conditions.
The results o f  the study showed that the morphology was not significantly affected by the 
presence o f different conductive coatings on a stainless steel (S.S) electrode. An attempt 
has been made in this work to postulate the mechanism o f  the formation o f  the 
supramolecular structure which then related to its mechanical properties. The breaking 
strength o f the films were similar although the elastic moduli and the elongation at break 
varied significantly. Cross-sectional transmission electron microscopy o f the film s 
revealed some exciting and new features o f the film  morphology which were correlated to 
those observed on fracture surfaces.
The thesis concluded that the electrodes used for an electrodeposition o f polypyrrole films 
affect the mechanical properties and the new features are the points o f  weakness in the 
films. It has also inferred that the mechanical properties o f the film  are influenced by the 
deposition and/or chemical processes occurring at the electrode/solution interface.
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Fig. 1 Comparison of electrical conductivity for different m aterials
Chapter 1 Introduction
1 Introduction :
In recent years a lot of attention has been given by many institutions to electro-active 
polymers, also known as synthetic or plastic metals1,2, due to their unique properties. The 
main goal of the research of these polymers is to achieve the metallic behaviour in terms 
of its conductivity. Electrically conductive polymers consist of open conjugated single 
and double bonds or five membered heterocyclic rings.
Polypyrrole, one of this class, has been attracting a great deal of interest in the last decade 
because of its ability to conduct relatively high current compared to the other conducting 
polymers, as shown in Fig. l a. It is also environmentally stable with respect to the other 
conducting polymers. Depending on the counter-ions used, polypyrrole can retain its 
conductivity3 as well as mechanical properties4, as the temperature changes in the range 
of 150° C - 280° C. Polypyrrole may degrade however when exposed to an acidic or 
alkaline solutions5.
Polypyrrole is usually synthesised by simultaneous oxidation and polymerisation of the 




Fig. 2 Basic structure of the pyrrole monomer
a - A  report on "Intrinsically Conductive Polymers" from Neste Oy Chemicals, Porvoo, Finland.
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The conducting form of the polymer is actually an oxidised backbone with a delocalised 
positive charge on the 7t-electron system, as shown in Fig. 36. In these materials, the 
polymer chains have an unsaturated backbone structure that is cationically charged and 
has strong intermolecular attraction with the neighbouring polymer chains. Polypyrrole is 
generally an amorphous polymer of moderately low molecular weight that is highly 
branched8, and possibly crosslinked9.
Fig. 3 Structure of oxidised and electronically conducting polypyrrole
The main disadvantage of polypyrrole is the difficulty in manufacture and fabrication. As 
the material cannot be melted and as it is insoluble, it cannot be easily moulded or 
extruded as with most conventional polymers. The insolubility also eliminates a number 
of methods used for characterisation. The most important factor is the cost and the 
preparation of polypyrrole is not economical compared to that with other types of 
electroactive polymers such polyacetylene10. Neverthless polypyrrole is widely accepted 
due to their excellent environmental stability and better properties.
Due to its excellent thermal and electrical properties, polypyrrole has various potential 
applications such as light weight secondary battery electrodes, as chemical sensors , for 
electro-magnetic interference (EMI) shielding, as coatings for electrostatic discharge etc. 
It can be used for storing information and also as an ion-selective electrode. The chemical 
resistance property is used in preventing corrosion of photoactive surfaces by coating 
polypyrrole12 and also to avoid corrosion of mild steel13. Polypyrrole can also be used in 




w ater. Thus, these conductive materials will undoubtedly lead to technological 
innovation. This will occur depending on different aspects, economics and social needs.
Many studies have been performed in attempts to elucidate the structure, properties and 
potential applications of polypyrrole, whereas less attention has been paid to the 
structure-property relationship of the polymer. Even though their elucidation has thrown 
light on the macromolecular structure and conduction nature of this intractable polymer 
and on optimisation of the polymerisation conditions, little is known of the inter­
relationships between structure and the mechanical properties of these type of polymers.
If any polymer is to be used as a commercial product then it should have both long-term 
stability in different environmental conditions and good mechanical properties. In the 
present work, an attempt has been made to determine whether limitations in mechanical 
properties are due to the substrate surface (electrode-polymer interface). Thus, this 
research work involved an investigation of the supramolecular structural affects on the 
mechanical properties. A possible link between the molecular anisotropy observed in 
polypyrrole films and their mechanical properties was also investigated.
Very little of the previously reported work that has been done on the mechanical 
properties of polypyrrole was related to the surface morphology of the films. Some of the 
researchers devoted their effort in improving the mechanical properties of polypyrrole by 
changing the synthesis variables or other parameters as mentioned above, which in turn 
alters the conformation of the polymer chains and hence the macromolecular structure of 
polypyrrole. The present study emphasises the effect of supramolecular structure on the 
mechanical properties in order to fill up the gap between the work done on the initial 





Chapter 2 Literature Review
2.1  Synthesis of polypyrrole :
Poly pyrrole can be synthesised mainly by three different methods - electrochemical, 
chemical and by vapour deposition of the monomer. Polymerisation of pyrrole monomer 
occurs by the formation of the highly reactive cation radicals. These radicals react to form 
polymer chains in which the counter-ions ('’anions") are intercalated.
To date, only the electro-chemical method is widely used. This is because the 
electrochemical method has a number of advantages over the chemical method. Material 
prepared from the chemical method is of poor quality as compared to that prepared by the 
electrochemical method. Electrochemical procedures have good control over the thickness 
of the films prepared15 whereas by chemical methods mass production can be achieved 
with a short reaction time without any control over the size and shape of the polymer. It is 
a fast and technically feasible synthesis route where polymerisation and doping (which is 
the process of an incorporation of the counter-ions) takes place simultaneously16. The 
films produced by the electrochemical method exhibit better stability (in terms of physical 
and chemical properties) under different environmental conditions17.
Modifications of the films can be conveniently achieved with the electrochemical method 
as the variations can be made in the selection of the monomer (ie. different substituents in 
the monomeric pyrrole) or the electrolyte (ie. accompanying anions)4
The chemical method in solution gives a powdery product while at the interfaces between 
two liquid phases a free-standing film is produced.The electro-chemical method results in 
free-standing films with much better flexibility than that formed by the chemical 
method18.
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2.1.1 Electrochemical method :
In 1965 polypyrrole was first synthesised electrochemically by Weiss and co-workers19. 
This process can be carried out either potentiostatically (constant voltage), 
galvanostatically (constant current)3 or by the dynamic potentiostatic (pulse method)20. 
The polymer produced under any of these conditions remains on the electrode as an 
insoluble, blue black, electrically conductive film3,21.
Standard Procedure:
An electrolytic cell contains 'x* M pyrrole and *y* M of counter-ion, in anhydrous22 
propylene carbonate, distilled water36 or acetonitrile or acetonitrile containing 'z%' 
(usually 1% for good mechanical properties3) of water in these solutions7. A carbon plate 
or platinum sheet18 can be used as an anode which should be oxidation resistant20 and the 
cathode made of platinum, copper, silver or similar material. The cathode should be of 
much larger area compared to the anode. In the reaction cell, sometimes a saturated 
calomel electrode (SCE) is used as a reference electrode . The reaction can be carried out 
under ambient conditions or under inert atmosphere (nitrogen or argon). In the case of the 
galvanostatic method (GSM), a two electrode system can be employed while in the case 
of the potentiostatic (PSM), a three electrode system can be used, where an Ag/AgCl 
electrode or SCE can be used as a reference electrode. Usually the current density applied 
is between 0.5-1.5 mA/cm2or the applied voltage ranges approximately from 0.8 V-1.3
<2 1 0
V against a calomel reference electrode or 3 V - 6 V (where only two electrodes were 
used) depending upon the quantity of pyrrole and counter-ions in the cell. In an 
electrolytic cell polypyrrole is formed by the following reaction -
n Pyrrole ------> [-(-Polypyrrole-)n-]x++ x e-
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H20  + e- ------> OH- + 1/2 H2(g)
Mechanism:
The proposed mechanism of the formation of polypyrrole observed from this standard 
method is that the oxidation of the pyrrole monomer produces pyrrole radical cations22. 
Two of these species couple together to build a conjugated polymer chain on the anode, 
which is rapidly covered with a conducting polymeric layer. Successive chain growth 
results in a thick film of polypyrrole.
The additional loss of an electron results in a partial positive charge on the pyrrole ring 
(from the neutral state) which may be due to the partial oxidation of the polymer. To 
maintain the neutral charge in the polymer, the anionic species from the electrolyte salt 
needs to be incorporated. For the reaction to proceed, an adequate amount of reducible 
species should be present in the reaction medium22.
According to Bredas et. al.24, oxidation of the polymer chain involves the removal of one 
electron from the n - electron system of the pyrrole ring and the formation of a positively 
charged radical defect occurs with a net spin of 1/2. This radical defect is called a 
polaron. Then secondary oxidation occurs either on the same chain or an adjacent chain 
followed by the diffusion of two polarons together to form a bipolaron with no net spin. 
These positively charged radicals created on the polymer backbone are the charge carriers 
for the conduction. Transport of these carriers occurs via hoping of the charges. The 
counter-ions stabilize the charge on the polymer which are not mobile and thus, play no 
direct role in the electronic conduction.
Tanaka et. al.25 theoretically proposed the two routes of polymerisation, that is the 
radical-coupling, which gives the same results. The formation of a-radical and Tt-radical
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as shown in Fig. 4, where the chain growth occurs with the reaction of oligomer and the 
cationic monomer radicals.
Fig. 4 Mechanism for the formation of polypyrrole 
2.1.2 Chemical method :
r \ s  #
By using the chemical method "Pyrrole black" can be formed in a greater quantity 
compared to that prepared from an electrochemical method.
Standard Procedure:
The chemical standard method can be described as follows -
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The distilled pyrrole (Y g) is added to a rapidly stirred solution of *y* ml of methanol 
containing 'z* grams of ferric salts (eg. ferric ethylbenzenesulfonate)27. This reaction 
mixture darkens rapidly and produces a thick black suspension. After approximately 
thirty minutes, the polypyrrole precipitates and is isolated by filtering and rinsing 
thoroughly with methanol and then with acetone. The powdery material is then dried in 
vacuum at room temperature to yield polypyrrole ethylbenzenesulfonate, ie. about 65% 
yield based on pyrrole. The temperature of the reaction varies depending on the desired 
product in terms of its electrical properties27.
The general polymerisation reaction of the above mentioned procedure can be given as 
follows -
(2 + m)n Fe3+ + mn A’ + n C4H5N — > [(C^HjNf+.mA'],, + 2n H+ + (2 + m)n Fe2+
where - A"- is the ferric counter-ion and m - is the fraction of the counter-ion 
concentration, which in the case of an electrochemical method is 0.25. This indicates the 
molar ratio of ferric ions to pyrrole is about 2.25 to 1, but experimental results showed 
that the ratio is 2:1 (Fe3*: monomer).
Armes and Aldissi28 first suggested the preparation of sterically-stabilized polypyrrole 
colloids via a dispersion polymerisation route in a non-aqueous media. In this chemical 
method, the pyrrole monomer is injected into the stirred solution containing FeCl3 as 
oxidant in an organic solvent such as methyl acetate at room temperature and poly(vinyl- 
acetate) is used as a polymeric surfactant to prevent the macroscopic precipitation of 
polypyrrole.
Mechanism:
In the electrochemical method the initial step for polymerisation is considered to be the
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generation of a pyrrole cation radical. Similarly, the chemical polymerisation of pyrrole 
also proceeds via a cation radical mechanism. But Myers29 suggested that due to the basic 
nature of pyrrole and acidic nature of FeCl3 there is formation of pyrrole-FeCl3 
intermediates during the initial stages of the reaction. He explained that the formation of 
such intermediates depends on the solvent used.
Myers proved that the yield of polypyrrole depends on solvent, by measuring the 
interaction of FeCl3 with the solvent relative to the interaction of FeCl3 with pyrrole 
monomer. Such measurements were done by examining the reaction exotherm. If the 
second exotherm is absent ie. the interaction of FeCl3 with the pyrrole monomer does not 
exist, then no polypyrrole can be formed. This only happens when a strong donor 
solvent, such as pyridine, is used. This is because of the formation of very stable 
solvated complexes with FeCl3 which are less likely to react with the weak basic 
monomer units.
2 .1 .3  Vapour phase polymerisation :
Wu and his co-workers deposited polypyrrole on a non-conducting substrate by the 
vapour phase polymerisation of pyrrole using FeCl3 as an oxidant. They proposed the 
mechanism, for the oxidation reaction, which depends on the inner-shell electron 
transfer.
Mechanism:
FeCl3 is an oxidant in which Fe(III) is d5 and Cl" is the bridge ligand. Donation of 
electrons by the bridge ligand Cl" to the nitrogen atom of pyrrole monomer occur during 
the reaction. When one electron on the nitrogen passes from the pyrrole ring to the ferric 
ion {Fe(III), d5} based on the inner shell electron transfer mechanisms, the ferric ion is 
then reduced to the ferrous®  ion (d6) and breaks down the ferrous chloride bond.
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These n  - cation radicals can be further resonant on the pyrrole ring and then propagation 
polymerisation is obtained by the addition of pyrrole monomer on these n - cation radical 
initiators. Finally, the resultant polypyrrole products are co-ordinated with a chloride ion 
as a counter-ion by a charge-transfer technique30.
2 .2  Structure and morphology of polypyrrole :
Many polymeric properties are determined by the polymer’s morphology, where the 
morphology is the physical organisation of the macromolecules on a microscopic scale. 
The morphology is determined by the conformation of the polymeric chain segments and 
the arrangement of the chains in space. These, in turn, are determined by the 
macromolecular structure of the chains.
2.2.1 Macromolecular structure :
As mentioned in an introduction section, polypyrrole films prepared from the 
polymerisation of the pyrrole monomer are insoluble which makes the elucidation of the 
molecular structure difficult. Generally, it is accepted from the elemental analysis that the 
pyrrole units carry a partial positive charge which is balanced by one counter-ion to about 
every four pyrrole rings . According to Elias and VohwinkeT , the films appear to be 
rich in hydrogen-atoms which indicates that some of the pyrrole rings may be 
hydrogenated. Thus, isomerisation, branching and crosslinking can occur. Chain 
segments of a-linked units extend 20-50 repeat units before an a -p  linkage or 
conjugation block is encountered20.
Bradner et. al calculated that the average conjugation length of the pyrrole chain was 
short because the upper limit was only about six pyrrole units. This number was inferred 
by considering that each pyrrole unit contains two conjugated double bonds and also
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anticipating that the presence of the nitrogen atom in the pyrrole ring has little influence 
on the absorption wavelength.
From the work of Wehrle et. al.33, the chemical structure of polypyrrole was studied by 
15N Crossed Polarisation Magic Angle Spin Nuclear Magnetic Resonance (CPMAS 
NMR). The general constitution of polypyrrole was found to be ( PPy+ Xy" )n, where X
is the counter-ion and y is a number of value 0.3 for the charged samples and 0 (zero) for 
the discharged samples according to the elemental analysis. The results observed were (1) 
only nitrogen atoms are bounded to a hydrogen atom, (2) the structure of fig. 5a can be 
observed and not the structure of fig. 5b, because the nitrogen atoms remains protonated 
even in the charged state, (3) the inhomogeneous line broadening in the spectra indicates 
the deviations from an ideal arrangement of polypyrrole34 which may indicate that the 
pyrrole rings of a given chain are linked in the a-positions and arranged in a plane with 
alternative irons-orientations.
0 >>
Fig. 5 Possible molecular structures of polypyirole
These deviations from an ideal chain may be due to (a) the conformational disorder where 
both trans as well as cis-orientations of the pyrrole units are present or (b) a high degree 
of disorder is introduced by the presence of p-links between the different pyrrole rings or
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(c) the cross-linking of pyrrole chains. This concludes that the polymer, which consists 
of pyrrole rings, is linked by C-C bonds33.
The elemental analysis for polypyrrole films also shows the presence of a significant 
amount of water which can be the result of addition of water in an electrolyte during 
synthesis which is performed at ambient conditions9.
The X-ray diffraction results9 shows that the d-spacing from the reflection mode is 3.58 
°A which is very close to 3.55 °A calculated35 for the polypyrrole interplanar spacing. 
This spacing is absent in the transmission mode which indicates that
(1 ) the polypyrrole chains lie principally in the plane of the film and thus grow parallel to 
the surface of the anode.
(2) low-angle peaks in the transmission mode appear to scale with the Van-der Waals 
length of the counter-ions9.
(3) the wide-angle peaks in transmission give an average value of d-spacing9 which was 
referred to pyrrole-counter-ion or inter-counter-ion scattering by Wynne and Street36. 
They also found that this scattering maximum is attenuated in hydrated polypyrrole p  - 
toluenesulfonate (PPy-OTs) which suggests that water disrupts (via hydrogen bonding) 
the counter-ion contacts9.
It has been proven by many workers that the pyrrole rings usually link through the a- 
positions to give the polymer. From the thermodynamic calculations, the lowest energy 
arrangement for such a-linked heterocyclic rings is the planar configuration37,38. Mitchell 
et. al.7. argued about the possibilities of linking the pyrrole rings through the (3-positions, 
or both a  and p-positions in the same ring and confirmed that the configuration is non­
planar due to the steric crowding of the substituent hydrogen atoms.
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Fig. 6 Projections of polypyrrole chains (a) only a  -  a coupling with 
regular alternation of bond rotation angles and (b) a  -  a  coupling and a -  
p (3-5) coupling
The results showed that the minimum energy positions are shifted away from the 0° and 
180° planar arrangements. If the polymer chain adopts a planar chain trajectory, which is 
linear only when each successive ring is rotated through 180° with respect to the 
preceding ring as shown in fig. 6(a). But if such alternation in rotation angle does not 
take place then some two-dimensional random walk trajectory is observed as shown in 
fig. 6(b).
Thus it may be concluded that there are many different types of conformational and 
configurational chain defects possible in polypyrrole molecules as shown in Fig. 7. But 
many researchers forwarded strong evidence for the presence of over-whelming
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proportions of a-linked rings and hence Mitchell7 was convinced that the polypyrrole 
chains adopts the planar types of trajectory and also proved that the counter-ion units lie 
between planes formed by polypyrrole chains.
Type of coupling Type of chain trajectory
Planar Planar Non­
linear non-linear planar
a-oc alternating bond rotation 
a—a non-regular alternation
X
of bond rotation X
a-/? (3,5) coupling X
z-// (4,5) coupling X
/i-/i coupling X
Non-aromatic bonding X
Fig. 7 Possible chain defects in polypyrrole molecule
H QQ
In addition, the X-ray scattering results, by Mitchell et. al. and Mitchell and Geri , 
exhibited that the polypyrrole molecules adopt a planar type of conformation in which the 
planes of the pyrrole moieties have a preferred orientation with respect to the electrode 
surface.
Nannini and Serra40 found that the structure of the vapour-polymerised polypyrrole films 
are highly disordered which may be due to the microcrystalline nucléation of the 
oxidising agent. This nucléation gave rise to a needle-like crystals.
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2 .2 .2  Molecular anisotropy of polypyrrole structure :
The variables that influence the structure of the films are, the type of monomer, counter­
ion and synthetic route. Mitchell et. al.41 extensively studied the effect of counter-ion 
molecules on the molecular order of polypyrrole films. They observed that the counter­
ions containing an aromatic ring produces the higher level of desired orientation whereas 
the spherically based counter-ions do not exhibit anisotropic molecular organisation. 
Thus, they concluded that the use of highly planar counter-ions enhances the degree of 
anisotropy.
Mitchell experimented on polypyrrole p-toluenesulfonate films using x-ray diffraction 
(XRD) and confirmed that it possesses a macroscopic anisotropic molecular organisation. 
The central portion of this counter-ion unit is planar and aromatic even though the 
terminal groups disturb the planarity. XRD data indicates that the structure is isotropic for 
the film prepared using S04’ 2 and perchlorate41 (C104). Thus, the nature of the counter­
ion has a direct influence on the molecular organisation formed in the electropolymerised 
films. While the formation of macroscopically anisotropic structures can result by using 
more planar counter-ions such as naphthalene disulphonate. The counter-ions of spherical 
nature such as SO42 " or BF4 " do not exhibit anisotropic structures. This may be due to 
the pyrrole rings not stacking in close packed plane to plane mode. With planar counter­
ions such as toluenesulphonate, however, both an ordered local packing arrangement and 
a global anisotropy can be achieved ‘
Mitchell and Geri39 found that as the polymerisation temperature decreased, the level of 
anisotropy was enhanced. They also showed that the polypyrrole molecules adopt a 
planar type conformation in which the planes of the pyrrole moitiés have a preferred 
orientation with respect to the electrode surface. However, from their X-ray scattering 
analysis, they inferred that the molecular organisation in both thick and thin films was
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highly disordered and non-crystalline. Thus, they implied that the basic atomic structure, 
in terms of aromatic rings, have some sort of orientation whereas on the molecular level, 
the structure was disordered without any particular orientation though the pyrrole rings 
lies flat in the same plane.
Substituted monomer units disrupt the chain planarity and hence the level of anisotropy is 
changed. These may be due to the formation of twisted chain conformations which is 
produced by substituting at the (3-positions or on the nitrogen atom.
Anisotropy of polypyrrole also depends on an anodic potential applied. It has been 
observed that increasing the electrical potential during electropolymerisation enhances the 
anisotropy39. This may be due to the more ordered molecular packing arrangements and 
also due to the gain of global anisotropy. For 1.0 V v/s SCE, from X-ray diffraction 
results, the structure within the film (X = 0°) was poorly developed compared to that 
through the film (X = 90°). However, the diffraction result showed highest anisotropy 
among all the applied potentials. The samples prepared at higher potentials (1.4 V and 1.5 
V v/s SCE) exhibited greater anisotropy and the structure was similar throughout the 
samples.
The synthetic route also affects the structure of the polymer. Mitchell et. al7. observed by 
XRD that the films prepared by the chemical method using ferric chloride as the oxidant 
exhibits more disordered structure than that prepared by an electro-chemical method.
Kiani and Mitchell42 observed that the films prepared from ACN/water solutions using p  - 
toluenesulfonate as the counter-ion exhibited lower level of anisotropy than equivalent 
films prepared from anhydrous solutions.
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If the polypyrrole films were prepared at an interface by chemical procedure, the structure 
observed was isotropic. In the anisotropic polypyrrole films, the chains laid in planes and 
there was preferential alignment of these planes, but Mitchell7 found no evidence for any 
orientation of the axes themselves. Thus, such anisotropy may have impact on properties 
of this type of film.
Polypyrrole films are amorphous, thus exhibiting only broad scattering maxima. The 
results, however, show the very small degree of order and it varies depending on the type 
of counter-ions used. The short range order has very little dependence on counter-ions in 
the transmission XRD, but the reflection XRD shows decrease in order or crystallinity 
with polypyrrole/DBs" compared to polypyrrole/PTs. This decrease in order parallels the 
decrease in tensile strength. Thus, the suggestion was put forward by Buckley et. al.9. 
that the size of the counter-ion directly influences order and therefore the mechanical 
properties. But on the other hand, PP+ OTs' (polypyrrole p-toluenesulfonate) or PP+ 
DBs" (polypyrrole p  - dodecylbenzenesulfonate) films shows similar ,,crystallite,, size and 
hence have similar mechanical properties, which indicates that the growth conditions 
rather than anion structure affects the mechanical properties. Further, they suggests that 
an ease of hole transport decreases as the short-range order decreases. The highest degree 
of order tend to exhibit the highest conductivity . On the other hand, Mitchell didn’t get 
any evidence of crystallinity ie. they didn't observe the anisotropic packing arrangements.
Depending on the counter-ions it was proposed that the structure of polypyrrole may be 
ordered or disordered. For example, disordered structure can be obtained when 
octanesulfonate is used. Counter-ions produce small changes in the position of atoms 
along the backbone of the polymer. These changes create charged islands that overlap to 
produce conduction bands through which free electrons can flow10. The distribution of 
the counter-ion in the polymer changes with time15.
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Hagiwara43 and his co-workers compared the structure of the stretched films, containing 
PF6 as counter-ions, which was prepared by potentiostatic and galvanostatic methods. 
They observed that the films prepared by PSM are more highly ordered than films 
prepared by GSM. Further, they observed that the surface of the films produced by PSM 
were smoother than those produced by GSM. Large bumps were also observed in both 
the films. On their further research, if the films are biaxially stretched and compared with 
the films which are uniaxially stretched, then the films biaxially stretched shows the 
orientation which is in the second stretch direction facing the pyrrole rings to the film 
plane. Whereas for uniaxially stretched films, the pyrrole rings are faced randomly, even 
though the polymer chains are oriented in the stretch direction44.
2 .2.3  Supramolecular structure of polypyrrole :
The morphology of polypyrrole, prepared either electrochemically or chemically, is a 
dense, solid film which can vary in nature (ie. granular, fibrillar or dendritic) depending 
on various factors. Thus, a physically impermeable film of polypyrrole can be 
produced45.
In general, polypyrrole films can be porous or non-porous as observed by Tokito46 and 
his co-workers. From their scanning electron microscopic analysis, they showed that the 
halide counter-ions effect the morphology. The PPy-Cl is non-porous whereas PPy-Br 
shows some porosity. But when sodium iodide was used as an electrolyte the polymer 
formed was powdery. Thus, it is believed that the incorporated counter-ions with higher 
electro-negativity leads to the formation of more denser and homogeneous films .
(a) Nodular morphology :
Many workers used different terms for this type of morphology viz; nodular, globular, 
granular or cauliflower.
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According to Cvetko e t al.47 and Diaz and Kanazawa48, the nodular polypyrrole textures 
can be formed on flat but rough electrodes which appears to be consistent with a dendritic 
mechanism. Nannini and Serra40 studied the morphology of the polypyrrole patterns, 
which they described as a very disordered polymer with 0.5 - 1  pm wide granular 
formations connected together to form a continuous film.
(b) Dendritic morphology :
Pletcher49 and Diaz50, both agreed with the concept of nucleation of the film with three­
dimensional growth which leads to the morphology called dendritic. This dendritic 
structure, initially nucleates and then grows in two dimension parallel to the electrode but 
later, it started growing in a direction perpendicular to the substrate, which leads to the 
nodular morphology.
Otero and De Larreta20 studied the influence of polypyrrole synthesis on the structure and 
adherence of the polymerisation and obtained the dendritic structure with low adherence 
by potential step, cyclic voltammetry or by square waves of potential at different 
frequencies. With supporting electrolyte between the polymer and the metal, flat shiny, 
homogeneous and extremely adherent films were formed.
The potentiostatic growth of polypyrrole films, on platinum electrode, promotes a 
dendritic structure. The size of these dendrites increases as the anodic potential of 
polarisation rises, at constant polarisation time, or vice-versa. Thus, Otero and De Larreta 
predicted and confirmed, with others results, that the size of the dendrites increases as the 
electrical charge employed in its formation increases. The polymer formed can be easily 
peeled off from the electrode. The morphology of the polymer film on the metal front­
side shows an electrolytic deposits, between the polymer and the metal ie. a very thin 
layer of metal on the polymer20.
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When polypyrrole is formed under different growth conditions for a long period (>3 
days), Moss et. al.22. observed that the films was very porous and consists of dendritic 
structures which were uniform and of the same size and shape. The surface morphology 
and structure doesn’t change by exposing it to the ambient conditions for a few days.
The growth of polypyrrole dendrites is in a highly oriented manner ie. parallel to each 
other and along the line of the connection. Perpendicular to the growing direction, smaller 
side-fingers are observed, which appears to cross-link most of the fingers together.
(c) Fractals, Fibrils and Tubules morphology :
Burford and Tongtam51 showed the morphology of the films prepared through isoporous 
membranes. These membranes with the larger pore diameter resulted in a few, rough and 
sparsely distributed filaments but as the pore size decreases the number of filaments 
increases with much smoother walls. Thus, the polypyrrole surface area can be limited by 
low filament density and length. Though the surface area increases with the decrease in 
pore diameter of membrane, the small diameter of pore leads to reasonably smooth 
filaments.
A range of polypyrrole materials can be prepared with many different configurations. In 
diffusion limited aggregation conditions, the polymer can be prepared as rough coatings 
or when radical fractals were formed, the basic unit appears to be a nodule of 2-50 mm 
diameter. When the growth restraints arises and the monomer quantity is limited, such as 
in growth through isoporous membranes, then the polymer appears to have the same but 
finer structure than the host material and no nodularity can be seen .
Many researchers observed different factors that influence the morphology of the 
polypyrrole films.
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2 .2 .4  Electrochemical variables :
As the synthesis variables are changed the kinetics and the thermodynamics of the 
polymerisation alters which may affect the arrangement of the polymer chains and in-tum 
the morphology of the film. Described below are the reported electrochemical variables 
that affect the morphology -
(a) Electrolytes and solvents :
Diaz et. a l . , has shown the influence of different electrolytes on the morphology of the 
growing surface of the polypyrrole film. The variation in topology was from nodular to 
smooth surface as the anions were changed for preparing different films4. These 
variations are not reflected in the packing structure of the bulk material, as the flotation 
densities of these films do not show any significant variation. This indicates the 
complexity of the electro-polymerisation process.
When the pyrrole is polymerised in the presence of the surfactants then the polypyrrole 
films formed have dendrites on its smooth surface which increases the thickness of the 
film. There is a change in morphology when sulphur containing surfactant counter-ions, 
are used. Overall these films are flexible, self-supported and stable to ambient conditions 
for a period of six months. The films containing surfactants formed at high current 
density shows higher intrinsic surface area18. But when sodium iodide is used as an 
electrolyte the polymer formed was powdery12.
When the electro-chemical solvent was changed then the topography of the growing 
surface changes drastically. Thus, the films grown in anhydrous acetonitrile exhibits 
rough surface with dendrite-like (clusters of nodules) structures whereas when the 
solution contains 1% water or other hydroxylic solvents then the surface is much 
smoother but uneven48.
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Ko et. al.53 concluded that the polarity and nucleophilicity of the solvent used for 
synthesis of the polypyrrole films are responsible for the different morphology. 
Depending on the nucleophilicity of the solvent the products can range from pure 
polypyrrole to reaction products of radical cations with the solvent51. Continuous films 
can be obtained from an electro-chemical reaction provided the nucleophilicity of the 
solution is low and the electrode potential is sufficiently positive15.
Koga54 and his co-workers inferred that the films with more dense texture was observed 
when treated with HC1. According to these workers, this may be due to the change in the 
structure and morphology of the polymer, which in turn may be due to the proton of the 
strong acid of HC1 that was bound with the weak base of a counter-ion (PTs) rather than 
the Cl" ions co-ordinated to the polymer. At the same time, there may be a decrease in the 
intermolecular distance of polypyrrole rings resulting in the decrease of the total energy of 
the system which was due to an induced intercalation layer.
(b) Applied charge :
Mohammadi et. al.55 showed the effect of the charge passed during polymerisation (Qpod) 
on the morphology of the films. The change in morphology (increasing roughness) was 
observed as Qpod increases, which was accompanied by a change in the charge storage 
capacity.
Thus, they predicted and confirmed with others results that the size of the dendrites 
increases as the electrical charge employed in its formation increases56. Hagiwara et. al.44 
found that the films formed at higher current densities shows an increase in the thickness 
which may be due to the formation of dendrites on its surface.
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(c) Applied potential and electro-polymerisation :
•  ' Y J
Mitchell and Geri suggested that the applied anodic potential has a greater effect on the 
morphology than it does on the chemical configuration of the polymer chains. According 
to them, when the potential was increased the concentration of pyrrole ions near to the 
electrode surface was enhanced and hence more even growth occurs on the surface of the 
electrode. Thus, the deposition of planar polypyrrole molecule onto an even surface will 
have a greater anisotropy than those onto a rough surface. The decrease in pulse potential 
results in the removal of counter-ions adjacent to the growth face and the diffusion of 
cations into the film occurs57. This may produce the insulating areas resulting in an 
uneven growth.
Size of the dendrites increases as the anodic potential of polymerisation rises at constant 
polymerisation time or vice-versa20.
Castillo-Ortega et. al. explained the reason for different morphologies when polypyrrole 
was prepared by different electropolymerisation techniques and potentials. It may be due 
to the lowering of the potential to 0.3 V which terminates the active growth at the chain 
ends and when potential is stepped back to 3 V, the growth may continue in a more 
random way. Thus the structure results from the pulsed polymerisation may be more 
open compared to that resulting from a continuous growth at the same potential. When 
the polymer films were prepared with p  - toluenesulfonate using the pulsed mode of 
electro-polymerisation then the texture exhibited was smoother which may be due to the 
increase in the level of global anisotropy though the underlying local structure remained 
unchanged57. Kiani and Mitchell57 argued, for the smoother texture, that it may be due to 
a large number of equivalent nucleation and growth sites which increases the probability 
of a uniform growth front over the electrode surface.
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By applying voltage of 10 V (with out any reference electrode), free standing fractals 
with open structure can be formed. In this case, the branches of the fractal comprised of 
fused nodules of 30-40 |im diameter and the surface of each nodule was smooth. In some 
samples, they observed the crystalline encrustations of either diamond, hexagonal or 
prism shapes. At higher voltages about 20 V, the morphology was of more compact ferns 
with the more continuous individual frond52.
By changing polarisation in three different ways, the nucleation density on the electrode 
can be increased and the irregularities of the dendrites can be restricted. As the anodic 
polarisation time decreases the morphology changes (on the metal side) from the rough 
surface with some sort of holes or impression to the separated nodules-like structure or a 
very smooth surface. The conclusion taken by Otero and De Larreta20 was that as the 
potential steps becomes shorter, the morphology of the polymer films on the platinum 
electrodes becomes correspondingly smoother.
The morphology of polypyrrole formed by cyclic voltammetry depends on the anodic 
limit for the potential sweeps and also on the sweep rate of potential. Within the limits 
-600 mV to +800 mV, the polymer film becomes more uniform and shiny when the 
sweep rates were increased20.
(d) Pyrrole concentration :
ry\Moss et. al. reported that the conductivity varies as the concentration of the pyrrole 
monomer increases. They also found that the higher pyrrole concentration assists in the 
development of smooth, shiny, lustrous films whereas at low pyrrole concentration, the 
nodules are scattered about the flat sections and concentrating at the edge of the electrode. 
The number of nodules was decreased with the increased pyrrole concentration and 
appears to be absent as the concentration was increased further.
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(e) Temperature :
The synthesis temperature affects the morphology of the films28. As the temperature 
decreases, the films appears to be smoother and less nodular. This observation indicates 
that the higher conjugation in the polymer back-bone occurs at lower temperatures and 
this suggestion was also agreed by Ogasawara et. al.35.
2 .2 .5  Counter-ions :
Young e t  al.21 used PP+TOs" samples for SEM and found very little changes in the 
morphology. Polypyrrole perchlorate and hydrogen sulfate exhibited dendritic surfaces. 
Chao and March60 prepared samples, by the standard chemical method using FeCl3, 
which exhibited clusters of globules (approximately. 200 nm) and some voids in between 
the globules. Thus, they concluded that there was no network-like structure throughout 
the sample.
The counter-ions occupies the equivalent volume of the polypyrrole chains. Thus, these 
volume ratios would assist the polymer to form easily an intercalation structure with the 
counter-ion units and tying between the disordered planes of polypyrrole chains41 .
2 .2 .6  Processing methods :
Wessling and Volk61 showed that the morphology (very pure and homogeneous powder 
exhibiting a clean globular primary particle structure) of polypyrrole can be changed by 
modifying the conventional thermoplastic processing methods which lead to a compact 
formed particles. The processability can be improved by forming sterically stabilized 
polypyrrole in which the surfactant used was absorbed onto the growing polypyrrole
<TQ
chain/particle and prevented the further aggregation by steric stabilisation mechanism .
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A modified thermo-mechanical process converts black polypyrrole powders into a 
compact and homogeneous shape which shows a shiny metallic blue surface. This 
process leads to a densification of the primary particle packaging and also changes the 
real basic morphology by flow. The expected change in morphology may give rise to the 
following transition states -
(a) starting powder is globular
(b) first transition state - globules become aligned to make chains
(c) second transition state - chains transform to fibrils, which become parallel
(d) third transition state - fibrils form fibres
(e) end transition state - a homogeneous compact mass with no primary or secondary 
particles are detected61.
2 .2.7  Substrates (electrodes) and membranes :
Atchison et. al. studied the morphology of electrochemically prepared polypyrrole and 
suggested that it can be divided into three different types, as mentioned in the preceeded 
section, depending on the different host materials. Thick films are of 'cauliflower' 
appearance, but the degree of smoothness or nodularity depends on experimental 
variables such as applied potential, electrolyte, current density and surface texture of the 
substrate itself. The quality of the film decreases as the nucleophilic character of the 
solvent increases.
A sponge-like or nodular texture (ie. rough) coatings was produced when the deposition 
was prolonged. The elongated and uniform size of the 1-5 mm tubes formed were like 
'barnacles', which may be due to the generation of oxygen gas at the surface. The shorter 
tubes were closed but longer ones were open. Sometimes, these structures contain an 
internal cap and the walls had the form of nodular aggregates. Thus, Atchison e t al. 
suggested that these nodules may be the “building blocks” of organised polypyrrole 
structures.
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When the platinum cathode was used, a semi-spherical array of fronds were generated 
which grew uniformly towards the electrode. When a filter paper was used for support, a 
variety of polymer shapes resulted. With uncoated filter paper a few short, thick branches 
were formed. But, when a graphite layer of medium thickness from an HB pencil was 
used, a fine network of branches were formed, whereas the structure shown by Hibbert 
and Melrose62,63 for metal fractals was the dendrites which can be easily distinguished 
from the cellulose films. Ultimately, Atchison et. al.52 and his co-workers concluded that 
these nodules were similar to those found in free-standing fractals.
When the polypyrrole is grown on the surface of sulfonated polyethylene using FeCl3 as 
oxidant, then the morphology changes with time. As the sulphonation time increases the 
morphology changes from a globular to a more packed structure with smaller particles 
and reduced in number. It is evident that when an ultrasonic bath was not used then the 
morphology of larger number of globular particles were observed. The sulphonic groups 
should act as counter-ions supporting the positive charges on the polypyrrole chains58.
In addition to that, Moss et. al. showed that as the substrate roughness is reduced, the 
film uniformity increases and the adherence to the substrate decreases. They believed that 
it may be due to the surface protrusions resulting in local overpotential and thus local 
current density is much higher than the electrode bulk current density. This produces 
more polymer at these sites which give rise to non-uniformity and roughness as the 
polypyrrole film grows into the crevices and non-uniformities in the substrate surface. As 
the substrate roughness decreases, the conductivity of the film increases.
Moss et. al.22, also observed the effect of changing the substrate material on the 
morphology of the polypyrrole film coated on it. They did not observe any change in 
morphology when two different electrodes, titanium and carbon fibre mat, were used. 
They found that the carbon fibre was coated with the uniform thickness polypyrrole.
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They also discovered the same thing on one dollar coin. However, when a cylindrical 
copper rod was used, the thickness of the film was not uniform. If the size of the cathode 
is increased then the high quality films can be produced. This may be due to the smaller 
size of the cathode which cannot withstand the cathodic reaction and thus the cathode is 
forced to maintain anode/cathode charge equilibrium.
2 .3  Mechanical properties of polypyrrole films :
From the literature3,9’71, it is evident that polypyrrole films exhibit brittle behaviour. 
Usually the brittle fracture occurs at low strains (<10%) which can be determined by two 
different ways -
(a) By the energy dissipated in fracture which in turn can be determined by impact 
tests which is out of scope of this thesis.
(b) The nature of the fracture surface - By this method an attempt is made 
empirically to support the brittle behaviour of the polymer which was proposed 
by many authors.
Usually Griffith’s theory85 of rupture has been applied extensively to the brittle fracture
of different materials and this approach is also used to discuss the brittle behaviour of the 
polypyrrole films. Equation (1) shows the relationship between K1C (stress intensity
factor or fracture toughness), Young’s modulus (E) and G1C (critical strain energy release 
rate)
K ,c2 = E * G)c --------------------------  (1)
The critical strain energy release rate (G1C) is related to the energy required to rupture the 
material and the area under the stress-strain curve. The mechanical properties such as
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tensile or breaking strength, elongation at break can be related to G1C and E, which in 
turn depend on the following factors -
(a) Molecular weight of the polymer - With an increase in molecular weight the 
tensile strength or fracture/breaking stress is increased according to Flory85.
(b) Crosslink density - Cross linkage between chains produces a three dimensional 
structure. As the crosslink density increases the tensile strength increases, the
elongation at failure decreases, the modulus of the material increases86 and the 
critical strain energy release rate (G1C) decreases74.
(c) Anisotropy - Anisotropy usually occurs due to some sort of order (alignment in 
any particular direction) of polymeric chains. So, as the degree of orientation 
increases the modulus increases whereas an elongation at break decreases in the 
direction of alignment87.
(d) Heterogeneity - Differences in composition or cross-link density leads to 
heterogeneity in the polymer. In addition, it can also be formed due to the 
unreacted monomer species or other impurities. Heterogeneous structures display 
complex mechanical behaviour.
Each of these factors will be explained later in the discussion section as a possible 
explanation for the variations in mechanical properties observed in this study for the 
polypyrrole films.
Many researchers have investigated the electrical properties of polypyrrole but very few 
have focused on the mechanical properties of polypyrrole films. In the few studies the 
effect of counter-ions9, synthesis variables9,21, water and solvent percentage3, on the 
mechanical properties of the polypyrrole films have been described. However, very few 
workers have tried to relate the mechanical properties to the structure or the degree of 
order of the polymer chains.
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Following are the variables that have been shown to affect the mechanical properties of 
polypyrrole.
2.3.1 Counter-ions :
The counter-ion incorporated into the polypyrrole film can comprise upto 50% by volume 
of the film and thus will have a significant effect upon the quality and mechanical
• doproperties .
Buckley and co-workers9 tried to show the effect of counter-ions and synthesis variables 
on the mechanical properties of the films prepared with p  - toluene-sulfonate (PTs^, p - 
ethylbenzene-sulfonate, perchlorate, p  - dodecylbenzenesulfonate (DBs ) and benzene- 
sulfonate. They suggested that the ultimate tensile strength depended on the degree 
of order of the polypyrrole films which in turn was sensitive to the counter-ion species 
and also to the electrochemical film growth variables. For different types of counter-ions 
in polypyrrole films but at similar current densities, the stress-strain curve indicates that 
the polypyrrole films with PTs" exhibited ductile property compared to that with DBs'9
Buckley et. al.9 also analysed the fracture mode of the polypyrrole films prepared with 
different counter-ions. Some of the polypyrrole films displayed bulk yielding whereas 
other samples fractured in a brittle fashion.
Polypyrrole/p-toluene-sulphonate showed an improvement in tensile strength and 
Young's modulus over polypyrrole/CKV. Thick polypyrrole films can be formed on 
carbon electrodes by applying high voltages and currents over a very short period. These 
films exhibited excellent mechanical properties ie. tough and flexible and which could be 
stretched up to 60%32. Diaz and Hall3 found that the films containing tetrafluroborate and 
perchlorate anions were weaker and less stable (in terms of conductivities and mechanical
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properties) in air than those containing toluenesulphonate anions. The tensile strength 
was 30-40% lower.
Wynne and Street36, showed the strong effect of the electrolyte/counter-ion on the 
properties of the polypyrrole/toluene sulfonate. The films prepared from 8% acetonitrile 
(ACN)/water electrolyte exhibited better elongation-to-break compared to those prepared 
from other ACN/water combinations. Bates et. al.64 made use of polyelectrolytes as the 
counter-ions to produce polypyrrole composites having good properties. Wemet et. al.65 
showed that by using polyelectrolyte as a counter-ion, such as sulfated poly(p- 
hydroxyethers), as the molecular weight of polypyrrole increased by increasing the 
concentration of sulfate groups, which resulted in an increase of elongation and the 
ultimate tensile strength of the polymer.
Wettermark et. al.66 observed that films, made from small, mono-anionic counter-ions 
have rough, hetrogeneous surface morphology often with the presence of tubular growth. 
These films were flexible and durable. Films prepared with the acid form of the counter­
ion were smoother with less surface tubular growth and were more flexible compared to 
those prepared with the sodium salt form. Their opinion is that the change in properties of 
the films which were prepared with the same counter-ion depended on the purity of the 
electrolyte used. Thus, the use of polymeric counter-ions such as poly(styrene sulfonate) 
sodium salt (PSS) led to smoother surface morphologies, more brittleness and slightly 
lower conductivities than the small molecule counter-ions. Polypyrrole/PSS films were 
more brittle than polypyrrole/PTs and polypyrrole/DBs.
Maddison and Jenden67 has predicted that by changing the counter-ions from larger size 
to a smaller size counter-ion, degradation in mechanical properties may occur. According 
to these workers, the loss of mechanical properties may be due to the oxidation of the 
replacing counter-ion which creates some active (like halogen) species that might attack
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the polymer matrix and also due to the loss of larger size counter-ions such as PTs" which 
played a role of plasticiser.
Peres et. al.19 found that the films prepared in the presence of surfactants, counter-ions 
with higher molecular weight, were flexible self supported and stable to ambient 
conditions for six months. These films showed a very short elongation in a stress-strain 
experiment (2-5%).
2 .3 .2  Synthesis variables :
The ultimate tensile strength of the films, has been observed, decrease as the electrode 
potential or the current density were increased during the polymerisation process. The 
dependence of ultimate tensile strength on the applied potential and the current density 
was also confirmed by Bloor et. al.68 who used polypyrrole plates (1mm thick) instead of 
films. Buckley et. al.9 also noted that some of the films prepared at low current densities 
were very brittle and were not suitable for testing.
Very little is known about why the mechanical properties are dependent on the current 
density during synthesis. According to Buckley et. al.9 it may be due to one or a 
combination of several factors such as molecular weight differences, changes in the 
number of defects because of crosslinking and branching69, morphological 
changes9,21,variations in the degree or order ("crystallinity and/or crystallite size") and/or 
molecular weight.34. Hahn and others reported that the polypyrrole films with 
tetrafluoroborate counter-ion, changes its surface morphology from "smooth" to a 
"rough" texture as the current density increases, whereas Bloor et. al. observed that 
there was no change in the morphology when the films were prepared with p-toluene 
sulphonate counter-ions at different current densities. The change in morphology and 
hence in mechanical properties was observed when the magnitude of voltage and the
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applied current was changed by a factor of two to three times and ten to eleven times, 
respectively52.
It has also been observed by Ogasawara et. al.70 that the electrodeposition temperature 
influences the mechanical properties of polypyrrole films. As the temperature decreases, 
the tensile strength of the films increased12. It has been suggested that this was due to the 
higher conjugation in the polymer backbone and ordering of the chains. Sun et. al.71, 
predicted that there may be some changes in the molecular weight of the polymer.
Satoh et. al. showed the temperature dependence of mechanical properties of 
electrochemically prepared polypyrrole films. The stress-strain curves were obtained for 
different temperatures and it was observed that the films break at a small elongation (2-
3%). As the temperature increases, the strain in the film and in turn on the polymer chains 
increases for the same applied load. The tensile strength and Young's modulus decreases 
as the temperature increases. The tensile strength decreases linearly whereas the Young's 
modulus decreases as a function of temperature below 140° C and steeply above 140° C. 
The elongation ratio of the film at break was 2.5-2.6% below 140° C and 2.9-3.3% 
above 140° C. They suggested that this inflection point at 140° C may be due to the 
molecular motion of the polypyrrole films.
The mechanical loss factor also depends on the temperature. Thus, as the temperature 
increases the mechanical loss factor, which is related to the molecular motion, increases. 
This indicates that the main peak originates from the glass transition of the polypyrrole 
film72.
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Satoh et. al.72, found that their results were different compared to other workers3,9,73. It 
was suggested that this was due to the different kind of counter-ion used, its 
concentration and other variations in the preparation conditions of the films.
2 .3 .3  Structure or degree of order and morphology :
From X-ray diffraction experiments, Buckley9 and co-workers investigated the 
relationship between changes in the "degree of order" of the films prepared under 
different conditions and their mechanical properties. They observed that a decrease in 
order correlated with a decrease in the tensile strength. They suggested that the size of the 
counter-ions directly influences the order and thus, the mechanical properties. Finally, 
they concluded that the film growth variables and the nature of the counter-ions, both 
influences the degree of order and mechanical properties of the films and the films 
exhibiting the highest degree of order have highest conductivities.
Kinloch and Young74 believed that the surface morphologies of conventional polymers 
can affect the mechanical strength by the absence or presence of stress concentrating 
irregularities. However, Young et. al.21 could not establish a clear correlation between 
surface morphology and mechanical properties of polypyrrole films prepared with 
different current densities.
Rough and dendritic surfaces of the polypyrrole films prepared using perchlorate and 
hydrogen sulphate as counter-ions showed brittle behaviour and a low ultimate tensile
'X  i  c
stress. Diaz and Hall and Malhotra et. al. reported a similar observation with 
perchlorate and tetrafluoroborate counter-ions.
Polypyrrole/PTs films prepared from propylene carbonate showed anisotropy in their 
mechanical properties. The tensile strength of the film measured, by Sun et. al.71, "along"
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the sample was higher than "across" the sample. All the tensile test of the samples 
exhibited brittle fracture.
2 .3 .4  Water and solvents :
The effect of the solvent used during electropolymerisation on the mechanical properties 
of polypyrrole have been examined. A small amount of water added to the solvent was 
observed to increase the tensile strength and the ductility of the films3. However, Diaz 
and Hall observed that the increase in water content above 1% results in a decrease in the 
strength. The argument Young et. al.21 gave for the effect of water is that that the water 
may act as a base and increase the rate of a deprotonation reaction which in turn increases 
the kinetic chain length of the reaction resulting in a high molecular weight polypyrrole 
product. Alternatively, water may prevent the reduction of tetra-alkylammonium at the 
cathode, whereas Diaz and Hall3 suggested that the effect of excess water may be due to a 
reduction in conjugation length caused by an excessively polar solvent system.
Wynne and Street36 suggested that the residual solvent (ACN and water) in the film has a 
plasticising effect, which decreases the strength and increases the elongation at break. 
Sun et. al. , also found that the polypyrrole p-toluene sulphonate films highly flexible 
due to the plasticisation effect of the solvent/moisture.
Diaz and Hall3 showed the effect of variation of water and ethylene glycol on the 
mechanical properties of the polypyrrole toluenesulfonate films. Usually the films were 
hard and strong and break at small elongation (4-8%). Films with good mechanical 
properties can be produced by using the solvent containing 25% water, 25% ethylene 
glycol and 50% acetonitrile solutions. The suggestion they put forward was that it may be 
due to the disruption of the extended n structure in the more polar solvent. Usually, 
polypyrrole films prepared in a dry organic solvent are rigid and hard materials whereas
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the films prepared in aqueous media with the presence of surfactants yields flexible films 
with improved mechanical properties19.
The effect of different electrolytes was noted by Sun et. al.71 and his co-workers. Here, 
the films obtained from ACN possessed poor mechanical properties compared to those 
obtained from propylene carbonate, which showed higher breaking strain. The films 
prepared from propylene carbonate exhibited anisotropic behaviour in their mechanical 
properties.
The variation in the properties of the films prepared with the same counter-ion was 
observed, and appears to be tied to electrolyte purity75. Polypyrrole/DBs films were 
brittle or flexible depending on the commercial source of DBs-Na electrolyte which may 
be due to the presence of various amounts of sulfate in the form of a by-product
2 .3.5  Different electro-polymerisation methods :
Hagiwara et. al.44 compared the elongation of the films prepared by two different 
methods ie. Potentiostatic (PSM) and Galvanostatic (GSM) methods. They found that 
there was higher elongation for the films prepared by PSM compared to that by GSM. In 
PSM, as the applied potential increases the elongation of the films decreases which may 
be due to an introduction of a side reaction. They prepared the films by PSM at -40° C 
which can be stretched upto 2.7 times the original length whereas by GSM, at the same 
temperature, the films exhibited only 2.5 times elongation. Hagiwara et. al. observed that 
the films prepared by PSM were more highly ordered than those prepared by GSM.
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2 .3 .6  Acid and base treatment :
Sun et. al. found that the polypyrrole treated with acids have slightly decreased 
mechanical properties, whereas if the films are exposed to sodium hydroxide solution 
then the mechanical properties decreases dramatically.
In addition, if the films are treated with HC1 then the texture of the films become more 
dense, this was inferred by Koga54 and co-workers. They argued that the structure and 
morphology of the polymer changes due to the proton of the strong acid of HC1 that was 
bound with the weak base of a counter-ion (OTs") and instead of that Cl" ion was co­
ordinated to polypyrrole. Simultaneously, there may be decrease in the intermolecular 
distances of polypyrrole rings and thus, an intercalation layer thickness which was 
induced decreases the total energy of the system. This argument was supported by the 
correlation, between the conductivity and distance of the polymer chains for different 
counter-ions, which was reported by Yamaura et. al.76
2 .3 .7  Addition of different materials :
Many authors have attempted to improve the mechanical properties of conducting 
polymers by preparing composites of these polymers and with other conventional 
polymers or materials. Depaoli et. al. have enhanced the mechanical properties by 
forming blend with polyvinylalcohol and polyvinylchloride.
The incorporation of the plasticiser, di-iso-butyl phthalate (DIBP) or di-2-ethylhexyl 
phthalate (DEP), resulted in improved mechanical properties (increased yield strain) for 
the same films.
Koga et. al.54 prepared the composite of polypyrrole and poly(p - phenylene 
terephthalamide) using tetraethylammonium p  - toluenesulfonate (OTs-) resulting in the
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polymer with the improved mechanical properties. They also observed that when this 




Chapter 3 Project Aims
3 Project aims :
The achievement of good mechanical properties is critical to the successful use of 
polypyrrole in almost all potential applications. The literature survey has indicated that 
there are a multitude of variables that are known to influence the mechanical properties of 
polypyrrole films, but there is very little understanding of why these effects occur. This 
project aims to contribute to the knowledge of the mechanical properties of polypyrrole 
films by examining the effects of processing variables and by testing the hypothesis that 
the films morphology effects the mechanical properties.
Specifically, the project aimed to investigate the effect of different substrates (ie. working 
electrodes) on the mechanical properties of electropolymerised polypyrrole. The tensile 
strength, Young’s modulus and elongation at break of the films prepared on different 
electrode surfaces were determined.
The second aim was to determine whether there is any relationship between the 
morphology and the mechanical properties of the films. This involved an examination of 
the surface nodular structure of the films prepared on different substrates. Also, the film 
sub-structure was examined using cross-sectional transmission electron microscopy 
(XTEM), which has not been reported previously, to the author’s knowledge. The 
fracture surfaces of the films were also examined and a correlation was sought between 




Chapter 4 Experimental Work
4.1  Preparation of Electrodes :
To obtain consistency in results, the electrodes were always treated in the same way 
before each experiment. Initially, grease and the dirt on the stainless steel (S.S) electrodes 
were mechanically cleaned by an acetone solution and then with distilled water. Cleaned
S.S electrodes were then polished from 240 grit paper to lpm  on diamond laps. These 
polished electrodes were cleaned and rinsed with ethyl alcohol and distilled water. For 
platinum and carbon substrates, S.S. electrodes were coated using a "Dynavac" sputter 
coater and "Dynavac" CS 200 carbon evaporator, in which vacuum was maintained to 4 x 
10“6 torr.
4 .2  Preparation of polymer :
In this work, all samples were deposited on the different electrodes under galvanostatic 
control. Polypyrrole films were prepared by an electrochemical polymerisation at room 
temperature (from 20° C to 24° C). Prior to Polymerisation, the fresh pyrrole monomer 
(100% pure) was distilled and added to an aqueous solution, which was followed by the 
addition of the counter-ion, sodium salt - p  - toluene sulphonate (98% pure). The 
concentration of the monomer and the counter-ion in the solution was 0.1 M each. This 
condition has been previously found to be optimal in terms of the properties of 
polypyrrole . The electrolyte was purged with nitrogen, for 5-10 minutes, to remove the 
oxygen from the cell, which may retard the oxidation of the monomer. One side of the 
electrode was masked with cellophane tape, so that the deposition could only occur on the 
reverse side of the electrodes.
Polymerisation was performed, between the working electrode and the auxiliary 
electrode, at constant current and under ambient conditions, as shown in Fig. 8.
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+ Water + PTs (0.1M)}
Fig. 8 Electro-chemical cell in vhich polyp ynole films vere grovn
(Schematic Diagram)
These electrodes were spaced 2 cm apart. To keep a regular check on the potential across 
the working electrode, a reference electrode £Ag/AgCl)was used. The potential between 
the working and the reference electrodes was 1 V for all the experiments.
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Once the required current density (1 mA/cm2) had been set and the galvanostat was 
switched on, the films were allowed to grow in the polymerisation solution for 1 min, 3, 
6, 12, 15, 18, 21, 24, 27, 30 and 60 minutes. The excess electrolyte solution was 
removed by soaking the grown films, on the electrodes, in distilled water for 5 - 10 
minutes. Finally, the films were peeled off the electrodes followed by the characterisation 
of the polymer. Later, the mechanical properties of the films were investigated.
Films were always covered by fine grade tissue papers and stored in the dust proof box 
between the experiments.
4 .3  Methods of characterisation of polypyrrole films :
In order to understand the development of the supramolecular structure of the polymer, 
three different methods were used. The methods used to observe the surface morphology 
of the polymer were Scanning Electron Microscope (SEM), the cross-section of the 
samples by an Optical Microscope (OM) and the Transmission Electron Microscope 
(TEM).
4.3.1 Sample preparation for SEM :
Samples of various sizes and shapes (usually 10 mm x 10 mm) were gold coated in order 
to conduct current through out the sample holder. Once the gold coating procedure was 
finished, the samples were ready to load in SEM. A Dynavac sputter coater was used for 
gold coating.
4 .3 .2  Sample preparation for optical microscopy :
All the samples were mounted in an epoxy resin. Circular mounts, of 25 - 50 mm
Page 42
Chapter 4 Experimental Work
diameter, were used conveniently for hand grinding and polishing. The samples were 
held upright by two small plastic clips. The mixture of epoxy (LC 191 - 80% v/v) with a 
hardener (HY 956 - 100% v/v from Ciba Geigy) in the recommended ratio, was slowly 
poured in the moulds containing the samples. The moulds were then kept in an ultrasonic 
bath to remove all the air bubbles formed during the pouring process. These bubble free 
moulds were cured for 24 - 30 hours. When the final hardness of the whole mount was 
achieved, the mounts were ground and polished. The epoxy mount was backed and 
bevelled and cornered on a silicone carbide pad and water. Then the samples were ground 
on a silicone carbide pad. P400, P800 and P I200 grit papers were also used where ever 
it was necessary. On the slow wheel of 150-200 rpm, the samples were drawn in a 
turning arc and this was repeated with the change in orientation by 90 degrees. This 
assisted in opening the face of the samples evenly. When the samples were ground to the 
satisfaction in terms of the clear openness and the flatness, samples were then cleaned. 
After that, three polishing stages were carried out.
The first stage was to polish the samples with 1.0 pm aluminium oxide (Linde C) in 
distilled water on Microcloth (Buehler) or similar, on a high speed wheel (900-1000 rpm) 
for 10-15 seconds. This was followed by repeating stage one but with 0.05 mm 
aluminium oxide (Linde B). In the third stage, 0.06 pm silicon dioxide (Struers OPS) 
and distilled water was used and the samples were polished on Struers OP Chem cloth 
with 1000 rpm speed wheel for 40 seconds. Cleaned samples were then ready for 
observation under the optical microscope and/or for further preparation of TEM samples.
4 .3.3  Sample preparation for TEM :
Thin sections for TEM were prepared from samples having 60 mins, polymerisation 
time. Ultrathin sectioning (UTs) using an ultramicrotome was used to prepare the cross­
sections.
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The desired area for UTs was scribed round with a diamond scriber. The stub area was 
cut out from the optical mount with a jewellers saw. The stub was then trimmed in a 
correct trapezoidal ( ^ )  shape which fits into the ultramicrotome chuck without projecting 
out too far. When the stub was perfectly fitted in tightly, it was then mounted under the 
binocular microscope and carefully the end and sides of the stub were cut which left the 
targeted area intact at the top of the pyramidal shaped squat. The targeted area was then 
cut with a diamond knife in a series of thin sections which were stretched out in a straight 
ribbon.
The sections were then picked up on 700 mesh hex grids, dull side down. Once the 
sections were placed in a proper location, the grid was locked above the sections. These 
grids, containing many sections, were then dried in air and stored. Thus, the samples 
were ready for observation using TEM.
4 .3.4  Statistical data of measurement of nodules size and dimension of 
cones :
The measurement of an average nodules size, with respect to the reaction time, was 
calculated by measuring the diameter of twenty-five nodules which seemed to be the most 
spherical and distinct compared to the ones which were coagulated and formed the nodule 
bed below the measured nodules. Also the largest diameter of the nodule was calculated 
to give the idea of the variation in the size of nodules. These measurements have also 
taken into consideration the magnification of the photomicrographs.
The measurement of the dimension of the cones from the optical micrograph of the 
samples of the film cross-section for 60 mins, reaction time were done, as shown in Fig. 
9. The data is reported in the results section. The deposition rate was also calculated by 
weighing the samples of same shape and size at different reaction times.
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vhare D - diameter of the cones and H - height of the cones 
and t - thickness of the polypyrrole film
Fig. 9 Schematic diagram of the polypyrrole film 
s ho'wing dimension of "cones”
4 .4  Mechanical testing method :
The polymers were peeled off the electrodes and the mechanical properties of the free 
standing films were investigated.
Tensile Testing by Instron Machine :
The samples were cut to the shape of dumbbell and to the size shown in fig. 10. This was 
followed by clamping the samples within the holders from both ends. Thus, the samples 
were ready for the tensile test.
Fig. 10 Shape and size of polypyrrole sample for the tensile test
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Fig. 11 Sample ready for testing on Instron Tensile Testing Machine
The main precaution was to ensure the alignment of the samples before each test. This 
was done by fixing a flat steel plate in place of the sample and adjusting the axes of the 
holders, as shown in Fig. 11.
An Instron tensile testing machine (model 4302) was used with the most sensitive 
loadcell (IN  -100 N), to investigate the mechanical properties of polypyrrole films. The 





5.1  Thickness and surface characteristics :
Film thickness was measured with respect to the polymerisation time by the help of the 
optical micrographs, as shown in Fig. 12.
Fig. 12 Typical cross-section of polypyrrole films 
"Arrows indicate the thickness of the film"
A plot of film thickness versus polymerisation time at constant current density, as shown 
in Fig. 13, shows reasonably linear behaviour.
Fig. 13




These data are in good agreement with the predicted results on titanium and gold 
electrodes which was proposed by Moss et. al.22 and Hahn et. al.78 respectively, 
although the actual thickness of individual films were not measured by Hahn et. al.78.
Surface characteristics were found to be dependent on thickness or vice-versa. From 
SEM, three different types of morphologies were observed on the solution side of the 
samples - nodular, spikes (also called fibrillar structure79) and dendritic. The physical 
appearance of the films prepared on S.S electrodes exhibited many wrinkles whereas the 
same was not observed for the films prepared on Pt and C electrodes, as shown in Fig.
Fig. 14 Physical appearance of polypyrrole films 




The electrode side of the samples were found to be smooth, without any grain 
boundaries, and shiny as usual and as shown in Fig. 15, but sometimes "an impression 
of nodules" or "depressions" were observed. The deposition rate was found to be 
dependent on the polymerisation time, as shown in Fig. 16.
Fig. 15 Electrode side of polypyyrole film (smooth and shiny surface)
Fig. 16 Deposition rate as function of polymerisation time
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5.1.1 Nodular morphology :
This type of morphology has been observed by many researchers48,49. At very small 
polymerisation time (1 min.) the polymer layer was observed to deposit along the grain of 
the substrate for S.S, as the grain boundaries are clearly evident in Fig. 17 (a). This 
indicates that polymer deposition occurs preferentially within the grains rather than at the 
grain boundaries. For Pt and C substrates the polymer layer deposited more uniformly on 
the substrate and there was no evidence of grain boundaries, Fig. 17 (b) and (c). This 
indicates that the C and Pt coatings completely mask the effect of the underlying S.S, and 
deposition is controlled by the solution/substrate interface.
Fig. 17 Polypyrrole film on different substrates after 1 min. of 
polymerisation time, (a) S.S, (b) Pt and (c) C
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Fig. 18 Nodular morphology of polypyyrole films 
Increase in size of nodules with respect to the polymerisation time 






The nodule size was found to depend on the polymerisation reaction time, as shown in 
Fig. 18. It was observed that as the reaction time increased, the nodule size increased and 
that this trend was observed for all three electrodes. This result has also been observed by 
many other workers48,79.
Time in mins. S.S S.S (L)
1 0.0 0.00 0.00
2 1.0 0.29 0.30
3 3.0 0.43 0.44
4 6.0 0.51 0.89
5 9.0 0.44 0.59
6 12.0 0.53 0.78
7 15.0 0.62 1.04
8 18.0 0.94 0.94
9 21.0 1.07 1.07
1 0 24.0 1.43 1.49
1 1 27.0 1.53 1.63
12 30.0 1.56 1.56
13 60.0 2.26 3.1 1
Pt Pt (L) C C(L)
0.00 0.00 0.00 0.00
0.10 0.10 0.21 0.26
0.26 0.29 0.21 0.26
0.30 0.39 0.32 0.58
0.41 0.44 0.49 0.85
0.45 0.49 0.50 0.69
0.45 0.52 0.52 0.69
0.48 0.58 0.59 1.22
0.55 0.69 0.65 0.88
0.77 0.82 0.67 1.03
1.05 1.13 0.67 0.82
1.76 1.88 0.72 0.89
2.31 3.85 2.86 5.19
Table 1 Measurement of nodule size in microns 
('L' - Largest nodule size)
The change in nodule size with respect to polymerisation time is reported in the Table 1 






Fig. 19 Effect of different substrates on nodules size 
(a) Average nodule size and (b) Largest nodule size
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5 .1 .2  Spikes morphology :
Referring to Fig. 20, the marked structures have been identified as spikes. The spikes 
seem to originated from the layer of nodules and may form from nodules (Fig. 21). This 
type of structure was usually found at the edge of the samples. However, some of the 
spikes were found to be in clumps in the middle of the samples ie. away from the edge. 
In general, the size of spikes was observed to increase as the polymerisation time 
increased, as shown in Fig. 22.
Fig. 20 Surface morphology of polypyrrole film 
’A’ marked structures are identified as "Spikes"
P a g . 1.9*K




Fig. 22 The increase in size of spike morphology in polypyrrole films
(a) 18, (b) 21, and (c) 30 minutes
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The concentration of spikes tended to increase upto 18-24 mins, polymerisation time, but 
then decreased as there were very few spikes observed in samples obtained from the 60 
mins, reaction time.
5 .1 .3 Dendritic morphology :
Fig. 23 shows a dendritic morphology which was observed very occasionally in the 
samples. The definite dendritic structures were observed within "black" areas which seem 
to be the retarded area of growth of the nodular morphology. At short reaction time these 
dendritic structures were smaller in size which indicates that the morphology again 
depend on the polymerisation time. However, these smaller dendritic structures were 
found in different regions of the sample.
Fig. 23 Dendritic morphology of polypyrrole films
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5 .2  Cross-section of the films :
The transmission electron microscope gives a clear picture of the cross-section of the 
samples (prepared at 30 mins, reaction time) and also illustrates the effect of different 
substrates on the morphology of the polypyrrole films. In general, all the samples 
exhibited the same sort of texture. It was observed that sub-structures exist which are the 
continuation of the nodules below the surface morphology and take the shape of “cones” 
(Fig. 24).
Fig. 24 Cross-section showing cone-shaped sub-structures below the
surface of the polypyrrole film
In many cases the cone boundaries were very distinct. In the samples prepared on the 
carbon coated electrode the boundaries could be clearly seen just below the surface (Fig. 
25 a). Similar boundary structures were observed in the samples prepared on the S.S 
electrode (Fig. 25 b), although the boundaries were less distinct near the surface. Some 
areas of the samples prepared on the Pt showed quite blurred boundaries (Fig. 25 c), 
while other areas showed very distinct boundaries (Fig. 24). Spikes were observed in 
some of the samples as shown in Fig. 26. The spikes appear to be only loosely attached 
to the nodular surface.
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Fig. 25 Cone shaped sub-structures below the surface morphology




Fig. 26 Cross-section of spikes morphology 
of polypyrrole films
Numerous other smaller scale features were observed in the TEM micrographs. At higher 
magnification the samples had a mottled texture (Fig. 27) indicating that the samples had 
small scale variations in density.
Fig. 27 Mottled texture in polypyrrole films
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Most prominent, however, were random “black spots” which were observed in all three 
samples. In some cases the black spots were observed in the mounting resin (Fig. 25 b) 
and may, therefore, be an artefact of the preparation technique. In other cases, however, 
the spots were observed only within the samples (Fig. 25 a), indicating that they 
represent regions of high electron scattering power. Fig. 28 shows that the spikes were 
completely black, but the main part of the film was considerably lighter. Also in this 
sample, small needle-shaped structures were observed. At high magnification (Fig. 29) a 
two-phase sub-structure was observed within the needles.
Fig. 28 Film showing needle shaped sub-structures 
and difference in density in the film
Development of the “cone” sub-structures was followed by optical microscopy of the 
cross-section of the polymers grown at different reaction times (for 12, 18, 21, 24, 27, 
30, and 60 mins.). These sub-structures were not very distinct for the 12 min. sample but 





29 Higher magnification of needle shaped sub-structures 
and also exhibits two phase structure as marked "S M
The cones observed after 21 to 27 mins, reaction time originated from the bottom layer of 
the samples (from the electrode side of the film) and grew through-out the thickness of 
the samples. Whereas, the samples for higher polymerisation times, for 30 mins, and 60 
mins, the cones were found to be broader and more confined to the solution surface. In 
that case the cones were seen to originate from the middle of the samples as shown in 
Fig. 30 (e) and (f).
The statistical data for the dimension of the cones obtained are given in Table 2 and the 
distribution of the diameter and height of the cones is given in Figs. 31 and 32. The 
distribution of the diameter of cones for all the electrodes exhibited a similar trend. The 
distribution function curve for S.S is very even and broadly scattered. This indicates that 
there exists large numbers of cones of different diameters. However, for Pt and C the 
distribution is even but not very broadly scattered. The distribution of cone diameter for 
C exhibited a slightly skewed shape. This indicates that smaller diameter cones were 
more prominent and thus the larger diameter cones were not observed. The distribution of
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height of the cones exhibited different trend for C compared to S.S and Pt For C, the 
distribution curve is uniform and this indicates that the cones of different height exists 
more or less equal in number. Whereas, for S.S and Pt the curves are of two nodes 







Fig. 30 Optical micrographs of the film thickness showing cone sub­
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Table 3 (a) Mech. Props, of PPy
Force (FI (N) Area (A)(b*t mm*2) Stress (F/A) (MPa) Length (L) (mm) Elongation (mm) Strain (Elong./L) Modulus (GPa) Elongation (%) at Break
Fur Sx£_
3.27 0.06 53.64 27 1.33 0.05 2.21 4.93
4.16 0.06 68.13 27 0.83 0.03 2.78 3.07
4.51 0.06 73.93 27 1.40 0.05 1.98 5.19
4.91 0.06 80.49 27 1.20 0.04 2.37 4.44
3.82 0.06 62.67 27 0.72 0.03 3.02 2.67
3.76 0.06 61.61 27 0.89 0.03 2.91 3.30
2.56 0.06 41.93 27 1.41 0.05 1.26 5.19
l io r .m ___
3.77 0.05 75.78 27 0.80 0.03 3.15 2.96
4.02 0.05 80.74 27 0.82 0.03 3.02 3.04
4.27 0.05 85.76 27 0.81 0.03 3.06 3.00
3.47 0.05 69.48 27 0.80 0.03 3.58 2.96
3.52 0.05 70.62 27 0.68 0.03 2.93 2.52
3.18 0.05 63.94 27 0.54 0.02 3.42 -2.00
-------------- -
5.17 0.07 71.78 27 0.80 0.03 2.99 2.96
4.28 0.07 59.39 27 0.90 0.03 2.42 3.33
4.68 0.07 65.03 27 0.67 0.03 3.1 1 2.48
4.73 0.07 65.74 27 0.93 0.03 3.25 3.44
4.57 0.07 63.46 27 0.97 0.04 2.72 3.59
4.73 0.07 65.74 27 1.00 0.04 2.61 3.70
6.70 0.07 92.99 27 1.11 0.04 3.70 4.1 1
- > Table3(b)-Avg. of Mech. Props.
Substrates BREAKING STRESS (MPa) ELASTIC MODULUS (GPa) % Elongation at Break Error in B.S Error in E.M Error in % Elong.
1 S.S 63.20 2.36 4.11 52.23-74.17 1.83-2.89 3.19-5.03
2 Pt 74.39 3.19 2.75 66.73-82.05 2.95-3.44 2.35-3.14
3 C 69.16 2.97 3.37 59.63-78.69 2.60-3.35 2.92-3.82
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5 .3  Mechanical properties :
The mechanical properties for polypyrrole films are summarised in Table 3. The values 
given in the table represent the average of six to seven measurements.
Fig. 33 shows an elongation (%) to break is higher for the samples prepared on S.S 
compared to that prepared on Pt coated electrode, whereas the samples prepared on C 
coated electrode show intermediate values.
Fig. 33
% Elongation at break of polypyrrole on different substrates
Substrates
Fig. 34




Fig. 34 shows the effect of three different substrates on the ultimate tensile strength in 
terms of breaking stress and the effect of substrates on Young's modulus is shown in 
Fig. 35. The polypyrrole films prepared on Pt coated electrode exhibited higher values of 
breaking stress and of elastic modulus in comparison to that prepared on S.S substrate 
and the same trend was again experienced for the samples prepared on C coated 
electrode, the value lies between the values observed for S.S and Pt coated electrode.
Fig. 35
Young's modulus of polypyrrole on different substrates
Substrates
The modulus was obtained from the typical tensile test graph, as shown in Fig. 36.
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5 .4  Fracture surfaces of polypyrrole films :
Fig. 37 Fracture surfaces of polypyrrole on different electrodes
(a) S.S, (b) Pt and (c) C
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SEM was used to examine the fracture surface of polypyrrole films grown at 60 mins, 
polymerisation time. Fig. 37 shows the fracture surfaces following tensile testing of the 
films grown on the three substrates. From Fig. 37 it is apparent that the fracture occurred 
in the form of rough crest (marked A) and trough (marked B) and followed the cone 
boundaries. The fracture surfaces shown in Fig. 38 were obtained from fractured at 
liquid nitrogen temperature (-176° C). These surfaces seemed to be smooth compared to 
that observed at room temperature although cone-like structures could be observed.





6 .1  Development of film structure :
The main aim of this section is to discuss the development of the polymer from just 
beyond the nucleation stage14 to a coating of ~ 20 pm thick (ie. polymerisation time of 60 
mins.)
Nucleation and initial stages of growth of the films have been described by Evans et. al.14 
These workers found that once the potential across the two electrodes was applied, an 
oxidation reaction of pyrrole monomer proceeded to form polypyrrole. The insoluble 
polypyrrole began to deposit on the working electrode in the form of “micro-islands” 
which were interconnected by multiple polymer strands. The strands, in order of 2-6 nm, 
were in the form of helices. A thin coating was formed by the interconnection of micro­
islands. With continued polymerisation the film thickness increased, but also a nodular 
surface structure in the range of 0.1-0.2 pm developed. Evans et. al.14 observed that the 
size of the nodules increased in diameter as the film thickness increased. A similar result 
was concluded from this study (Figs. 2 and 6).
6.1.1 Formation of primary nodules :
Primary particle formation and growth -
The basic building blocks of the polymer are monomer radicals formed in solution by an 
oxidation reaction at the anode. These radicals are covalently bonded together to form the 
polymer chain, which also becomes partially oxidised and therefore conductive. At some 
point the polymer becomes insoluble in the solvent and deposits on the electrode 
surface80. This deposition is likely to occur at specific “nucleation” sites as indicated by 
Evans e t  al14. These may be areas where the current density is higher than the average. 
Electron transfer occurs predominantly at such points and, hence, polymer formation
Page 70
Chapter 6 Discussion
occurs in the solution close to these regions. Consequently, polymer deposits at these 
nucléation sites.
Similar deposition processes have been observed in the electrodeposition of metals. 
Electrocrystallisation has been observed by Winand81, to nucleate at specific sites on the 
electrode surface, such as at screw dislocations. Growth of many such crystals results in 
polycrystalline coatings, with surface structures that have a variety of morphologies, 
including nodular (eg. for gold deposits by Roos et. al.81).
Polymeric Chains
(a) /  'X  (b)
Nucleating Sites /  \
( 0
$
V V W '  V ' V \
NoduLes
Fig. 39 Formation of primary particles
A proposal mechanism for the electrodeposition of the polypyrrole is represented 
schematically in Fig. 39. Because of a locally high current density, polymer deposits at 
specific sites. Thus, a “primary particle” forms, which is the basic building block of the 
film.
New particle formation on an existing particle -
These processes of nucleation and growth of “primary” particles may be repeated at 
various points over the electrode surface, and also on the surface of already formed 
particles. Full coverage of the electrode surface produces a continuous film. The 
formation of new particles can take place more easily on the polymer (ie. on existing
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primary particles) than on the metal which results in surface roughness80. The nucléation 
of new particles on existing ones enables the film thickness to increase, and accounts for 
the fact that the polypyrrole films showed similar fine-scale roughness on the film surface 
at all polymerisation times. The coalescence of primary particles with time produces the 
larger nodules which then increase in size with polymerisation time.
Primary
Particle
\ x V \ \ v  V W ' \ \ ^ \ W
X No boundary observed 
at point of coalesence
Fig. 40 Formation of N ev  
particles on the primary ones
Page 72
Chapter 6 Discussion
That is, it is proposed that the surface layer is formed by the nucleation and growth of 
new primary particles. The formation of new layers is schematically shown in Fig. 40. 
Cross-sectional TEM examination of the polypyrrole films shows that the primary 
particles merge such that boundaries between the particles are not apparent.
6 . 1 . 2  Form ation of cones and nodules :
The most obvious features of the film structure of the electropolymerised polypyrrole are 
the large nodules on the surface and the cone structures that are observed in the film 
cross-section. The nodules have been shown to be large agglomerations of the smaller 
primary particles {Fig. 18 (e)}. This agglomeration occurs due to higher deposition rates 
at certain points on the electrode, which is presumably due to higher current densities in 
these areas. Thus, the growth rate of the film is higher in certain areas than the 
surrounding regions, and this gives rise to the nodular structures. The proposed process 
is represented schematically in Fig. 41.
NoduUr kytrs
Nodules depositing oil the
other nodules
\  \  \  \  ^ ^-----\
\ \ ^ ' \ sN NNx Ele c t r ode N
Formation of cone 
shaped suh-structure
Fig. 41 Formation of cone structures
This mechanism is also compatible with the cone sub-structure observed in film cross­
sections. The large nodules do not always coalesce intimately with the surrounding bed 
of particles. Consequently, cone boundaries are readily observed. The cone shapes
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observed were a consequence of the faster deposition rate associated with the nodule 
formation. Fig. 41 demonstrates the formation of cones/nodules schematically. Each 
layer represents the polymer deposited after a given period of time. Since this layer is 
thicker on the nodule surface (due to preferential deposition) than the surrounding bed of 
particles, a cone shaped structure forms beneath the nodule. Thus, the nodules are the 
caps of cones formed by the agglomeration of particles at these preferential deposition 
sites.
An important point is the appearance of distinct boundaries between neighbouring cones. 
As described in section 5.2 this suggests either compositional differences between the 
boundary and the surrounding material (eg. due to the exclusion of impurities to the 
surface of the cone) or due to differences in alignment of the polymer in neighbouring 
cones (so that complete merging does not occur at the boundaries).
Again, analogous situations have been reported for the electrodeposition of metals, 
various types of crystal textures have been described by Raub82, one of which shows 
cone-like crystals in cross-section. This growth mode was found to occur when the 
crystals grow preferentially in the direction of the electric field (ie. perpendicular to the 
electrode surface). The result is elongated grains, which can fan outwards as the crystal 
grows. The grain boundaries then give cone-like structures, and the surface was of a 
rough, nodular nature. Such structures have been reported for copper deposits by 
Winand81.
The variation observed in nodule or particle size at a given reaction time for the same 
sample may be attributed to local differences in growth rates. If the deposition is faster at 
certain areas, then large nodules can form at these points due to faster nucleation and 
growth of particles. These particles agglomerate to form the large nodules. Thus, a 
surface structure forms, as shown in Fig. 18, where large nodules dominate the surface 
and are surrounded by a bed of smaller particles.
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The varying nucleation and growth rates of the primary particles may be due to the 
surface roughness of the substrate and also may be due to the previously formed polymer 
area that covered most of the substrate in solution83. Although the substrates were 
polished, some surface roughness remains as well as variations in crystal orientation. The 
surface roughness would presumably be similar since only thin coatings of C and Pt were 
applied to the polished S.S surfaces. The S.S electrode would show orientation effects 
due to the polishing, but the Pt and C coatings would conceal this effect. All films 
showed a similar nodular morphology, which indicates that the chemical composition of 
the electrode/solution interface does not affect the film morphology.
However, slight variations in the cone structures of the films were observed. The films 
grown on S.S exhibit lower number of cones and also less distinct cone boundaries. This 
may be due to the slower nucleation and growth rates which gives more time for nodules 
to coalesce and resulting in a more homogeneous film. But, the same was not observed in 
the films prepared on Pt and C coated electrodes due to higher overall rates of deposition. 
On contrary, this explanation does not agree with the thickness data of the films and 
hence, further work needs to be done on the mechanism of the formation of cones.
6 .1 .3  Formation of spikes and other fine structures of the film :
The growth of spikes were found to be common and has been also interpreted by Cheung 
et al.79 as the “fibrillar” structures of a second phase which might be different in 
composition from the nodules phase. However, the present study shows that these spikes 
have structure similar to the bulk, as observed in XTEM. In a few isolated cases, the 
spikes were much more electron-dense than the bulk, but the reason for this is unknown. 
The formation of spikes may be due to the high current densities existing in certain areas 
of the electrode. It has been known that the highest current density can be found at the 
edge of the electrodes83. Since, numerous spikes were observed at the edge of the
Page 75
Chapter 6 Discussion
polypyrrole samples and less in the middle, the formation of spikes may be related to 
locally higher current densities. The reason why spikes were most prominent after 30 
mins, polymerisation time is unknown at present.
Dendrites are a very unusual form of surface morphology. One possible reason for the 
formation of dendrites may be due to the formation of non-conducting areas within the 
film. Similar dendrite structures were observed by other workers22,52 when polypyrrole 
was grown onto a glass slide attached to a titanium electrode. This indicates that the 
dendritic structures are formed due to the non-conducting layer. The non-conducting 
region may be the result of the reduced oxidation potential of pyrrole on a polypyrrole 
surface.
"Black spots" and needle shaped structures, as described in the results section, are the 
smaller scale features observed in the samples. The "black spots" seem to be micro­
crystallites existing in the polymer. Similar types of micro-crystallites were observed in 
TEM pictures of poly thiophene for which Gamier et. al.84 described as resulting from 
micro-crystalline areas. Alternatively, the black spots may be the formed due to the non­
conductive regions or they may be the impurities such as metal ions which might have 
diffused from an electrode surface in to the polymeric film This diffusion (hence 
mobility) of ions may be due to the flow of current through the system.
The formation of the needle shaped structures with two phase sub-structures are very 
unusual and occurred only occasionally. These may again result from impurities, but at 
this stage their origin is unknown.
6 .2 .  Mechanical Properties of polypyrrole films
For most commercial applications for polymers a necessary requirement is that the 
material should not fail prematurely at some nominal load under service conditions. Thus,
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it is vital to understand how conductive polymeric films respond to applied stress, to 
understand the structure-property relationships and also to be able to predict the 
behaviour of the material. The results from chapter 5 will be used to provide some idea of 
these structure-property relationships and will be compared with previously reported 
results.
Many researchers have shown the effect of different polymerisation conditions on the 
mechanical properties of polypyrrole films3,9,19’36’40. But very few have actually related 
the mechanical properties with its macromolecular structure3,9 In the previous sections, 
the general concept of the development of the film morphology has been proposed. Since 
the polymer morphology is known to effect the mechanical properties of conventional
*7A
polymers , this mechanism of film formation must be assessed for its effect on the 
mechanical properties of polypyrrole.
6.2 .1  Fracture surface morphology of polypyrrole films :
Fracture behaviour is of direct help in understanding the strength and toughness of the 
polymer. All the polypyrrole samples prepared for this work exhibited brittle fracture 
when subjected to tensile stress. The applied stress is transferred via the polymer chains 
to some discontinuity where the stress is concentrated. As the stress is raised, a critical 
value is reached where failure will occur by either breakage of the primary intra-chain 
bonds or the secondary inter-chain bonds.
SEM of fracture surfaces as shown in Fig. 37 clearly exhibit the propagation of crack in 
the form of crest and trough. This wavy form of the surface reveals that the polypyrrole 
films fracture along planes of weakness within the material. In certain micrographs, it is 
evident that the fracture surface reveals features very similar to the cone structures 
observed in the film cross-sections. Fig. 37(a), for example, shows that the crack has 
passed around the surface nodules - ie. it has followed the cone boundary. Figs. 37 (b)
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and (c) show similar cone features. These results indicate that the crack propagates and 
follows the path of cone boundaries. Therefore these cone boundaries are the weaker area 
of the films and hence, in these areas the stress concentration will be the maximum.
When the samples are frozen in nitrogen the polymer chain structure is sufficiently rigid 
which prevents the redistribution of the stress. Thus, the energy expended in this process 
is very small and the crack, formed from the weak parts of the film (ie. cone boundaries), 
will continue to grow until the whole sample fails. This is because of little or no 
movement of the polymer chains and hence, the crack proceeds directly across the 
specimen at right angles to the tensile stress and the fracture surface will devoid of cone­
shaped features. This is demonstrated by Fig. 38 which shows that low temperature 
fracture produces a rather flat and featureless fracture surface.
In other words, at lower temperatures very fast fracture occurs, which results in the crack 
cleaving straight through the film ie. no time to go around the cones (as observed at room 
temperature).
6 .2 .2  Elongation at break :
The elongation at break is the maximum strain experienced by the films at the point of 
rupture. The polypyrrole film prepared on the S.S electrode showed a higher elongation 
to break than the other samples.
The change in the elongation at break may be due to differences in film structure. For 
films prepared on the S.S electrode, the number of cones was lower and also the cone 
boundaries were not as distinct. This makes the material more homogeneous and thus the 
elongation at break is higher. On the other hand, for samples prepared on Pt and C very 
distinct cone boundaries and a high number of cones results in a lower elongation at 
break. The boundaries are points of weakness where the stress is concentrated.
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Therefore, the samples with more distinct cone boundaries will show a lower strain at 
failure. Thus, the cone boundaries seem to be more brittle where the density of 
crosslinking may be higher than the other area of the polymer.
Other possible explanation for the differences in elongation to break are differences in 
molecular weight or crosslink density. Since these parameters have not been determined, 
it is not possible to assess the validity of these effects.
6 .2 .3  Elastic modulus of polypyrrole films :
Elastic moduli of the films statistically varied slightly when prepared on different 
electrodes. The elastic modulus for the polypyrrole film prepared on the S.S electrode 
was lower than that of the polypyrrole films prepared on the Pt and C electrodes.
The modulus of crosslinked polymers depends on cross-link density. As the crosslink 
density increases the polymer will be more difficult to deform and show a higher 
modulus. This would indicate that the samples prepared on S.S electrodes exhibit a lower 
crosslink density.
Elastic modulus is also affected by the orientation of the polymeric chains. From literature 
it has been stated that the polypyrrole films are anisotropic in nature and hence its 
properties are anisotropic. The decrease in order, and hence the orientation of the 
polymeric chains, decreases the tensile strength9. This indicates that if the material is 
anisotropic then the orientation of the polymeric chains play an vital role in determining 
the mechanical properties and hence the elastic modulus.
A lower E for the S.S indicates that this sample has a lower degree of molecular 
alignment in the plane of the film. This may have arisen from the grain alignment 
resulting from the plastic deformation during polishing which produces the directional 
orientation at the surface of the S.S. This orientation may lead to the deposition of the
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polymer in a less ordered manner. Winand81 have observed electrode surface orientation 
effects in the deposition of copper, and have noted that the degree of orientation effects 
the crystalline structure of the copper deposit. However, the same was not observed for 
films prepared on Pt and C. This may be because the coating of Pt and C on S.S 
electrodes may mask the effect of the orientation formed due to the polishing procedure. 
Thus, a higher orientation of polypyrrole may form on these surfaces and lead to a higher 
E.
6 .2 .4  Breaking stress :
The breaking strength for the polypyrrole films prepared on different electrodes were the 
same within the experimental error. This occurred despite differences in the elongation to 
break and Young's modulus. In addition, the fracture energies (as estimated from the area 
beneath the load-extension curves) were similar for each material. These results may be 
reconciled by considering equations (1) and (2).
K1C2 = E * G 1C -------------------------- (1)
It is known that c is approximately same for all films, but E is lower for S.S. 
Therefore, K1C should be lower for S.S and higher for Pt and C films.
It has been known that the tensile strength is affected by the amount of cross-linking of 
the polymeric chains in thermosetting polymers86. The greater the crosslink density the 
lower the tensile strength. In polypyrrole the (3-linkages can form to produce branched 
and crosslinked chains. The similar breaking strengths for the three films indicate that 
similar crosslink were formed. This does not agree, however with the results for 
Young’s modulus (Section 6.2.3).
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From equation (1), we know that G1C is approximately same for all films. Since E is 
lower for S.S, therefore K1C should be lower for S.S. However, for Pt and C the films 
exhibited higher modulus (E) and thus, K1C will be higher.
At the point of failure, a critical stress intensity or fracture toughness (K  ̂c) can also be 
written as the following equation -
Kic = Y<TB(,cac)1/2 -------------------------- (2)
where Y is the proportionality constant, is the breaking stress and ac is a critical crack 
length.
Thus, when a fi is constant, K1C is directly proportional to 2̂  and the crack length can be 
determined or vice versa.
From equation 2, it would be predicted that should be higher for the polypyrrole films
prepared on the Pt and C surfaces. However, it was also shown that films prepared on
5.5 are more homogeneous and therefore fewer stress concentrators exist. Thus, 'ac' 
should be smaller for these films. This smaller flaw size compensates for the lower K1C 
of the S.S prepared films. Hence, all films show a similar a B value. This is due to the
fact that for Pt and C the cones and hence cone boundaries are more prominent which 
suggests that ‘a w i l l  be larger.
Thus, the fact that the films showed similar breaking strengths may be attributed to 
differences in the Young’s modulus and inherent flaw size. These differences produce 
opposing effects which tend to cancel. The lower E of the polypyrrole film prepared on
5.5 may be due to difference in orientation, molecular weight or crosslink density. 
However, the more homogeneous nature of this material (ie. less distinct cone
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The aim of the research was to investigate the effect of a processing variable (ie. effect of 
different electrodes) on the mechanical properties. It was extended to elucidate the 
relationship between the morphology and the mechanical properties of the films.
The morphology of the electrochemically prepared polypyrrole films were examined on 
both the surfaces and the cross-section. The surface structure was found to have three 
different types of morphologies. The nodular structures were the most prominent 
compared to other structures like spikes and dendrites. The nodules were found to be 
large agglomerations of smaller "primary particles". These films were also shown to have 
a distinct microstructure when observed in cross-section. This consisted of cone 
structures that were capped by the nodules observed on the surface. A mechanism was 
proposed as a possible description of the formation of the particles, nodules and cones.
The morphologies of the polypyrrole samples prepared on three different electrode 
surfaces were very similar. No differences in nodule size distributions could be 
discerned. However, the depths of cones for the sample prepared on S.S were observed 
to be slightly different to the films prepared on Pt and C surfaces.
Fracture of the films at room temperature was found to follow the cone boundaries 
indicating that these are the weak points in the films. The breaking strengths were not 
significantly different whereas the elongation at break and the elastic moduli of the films 
were found to be sensitive to the type of substrate used. These results could be reconciled 
by a fracture mechanics approach.
This study has also demonstrated that certain mechanical properties of polypyrrole film 
are affected by the nature of the solution/electrode interface. Thus, depending on the
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electrode material used, films of different flexibility (limitation exists due to the 
polymerisation reaction and the degree of polymerisation) may be formed according to the 
desired application. This approach is, however, limited since the variations in properties 
were relatively minor.
Thus, the study of structure/property relationship has led to the conclusion that 
electrochemically prepared polypyrrole forms heterogeneous thin films, in which the 
mechanical properties depend on differences in molecular weight, cross-link density, 
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